Abstract-A small, low-cost, light-weight, and compact GPS/INS navigation system for a Rotorcraft UAV (RUAV) was designed and implemented on an ARM9 LPC3250 platform, and the process is discussed in this paper. Based on the characteristics of the sensors, a two-stage Extended Kalman Filter (EKF) is embedded to estimate the flight states, get rid of online noise, and fed back the results to the flight controller. Some practical problems about realizing the algorithm have been addressed. The full system has been tested successfully on a ServorHeli-40 RUAV platform. Based on this navigation system, further research in navigation and control theory can be implemented and tested experimentally.
[2]- [5] . The navigation system is also a crucial part in the design of a full control system for the RUAV; accurate navigation information about the flight state would improve the accuracy of the control system. Many algorithms in navigation have been proposed [6] - [9] ; most of them were verified by simulation, but seldom implemented due to the complexity and limitation of simulation. On the other hand, the limitations in payload, cost, size, and processor speed also limit the implementation of some methods. Therefore, a low-cost, small sized, compact navigation system with a high processing speed is necessary in the research of advanced navigation theory.
In Shenyang Institute of Automation (SIA), we have engaged in the research of the RUAV since 2003: currently we have several RUAV systems such as ServoHeli-20, ServoHeli-40, and ServoHeli-120 that are different in takeoff weight [10, 11] . The navigation system we designed will focus on the ServoHeli40 RUAV shown in Fig. 2 . This ServoHeli-40 system's characteristics are shown in TABLE I.
In the design of the navigation system, some principles should be followed:
--Compact: Easy to equip on the airframe.
--Low-cost: Reduce the RUAV system cost.
--Light-weight: Save fuel, increase the payload. This paper describes how a small, low-cost, light-weight, and compact GPS/INS navigation system for a Rotorcraft UAV was designed and implemented. Based on an ARM9 LPC3250 platform, processing speed and interface versatility is guaranteed. An UCOS/II system is embedded to increase the stability of the system. An accelerometer, gyroscope, GPS, barometer and magnetometer are integrated in a compact circuit. A two-stage EKF is implemented to estimate the flight state. Further research in navigation theory can be conducted by using this system. The avionics system is introduced first in Section II. The software is introduced in Section III. In Section IV, an Extended Kalman Filter for navigation system is designed. The experimental test and results are presented in Section V. Further research is discussed in the conclusion in Section VI.
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II. AVIONICS SYSTEM DESIGN

A. System Design
To realize the autonomous control of the RUAV, accurate navigation information of flight state is needed. Generally, navigation information must include positions, velocities, accelerations, attitude and angular speed in 3-axis.
1) Position and velocity:
A GPS receiver can give position in 3-axis and lateral and longitudinal velocities of the RUAV. But the altitude given by GPS generally has a fluctuation of 5m, and the accuracy is not accurate enough to control the RUAV; a barometer is needed to give a more accurate measurement of relative altitude. Even though the barometer is more accurate in relative altitude, it is susceptible to weather condition and may vary significantly in different conditions. Because the altitude given by GPS is much more unsusceptible to weather, a combination of GPS altitude and barometer altitude will give more accurate and stable altitude information. Based on the altitude obtained from GPS and barometer, velocity in vertical axes can be calculated by the differential of altitude.
2) Attitude: An accurate attitude measurement is the key point for the stability of the RUAV since the position control of the RUAV is coupled with the attitude. By referring to a low-cost attitude design described in [12] , we determine the attitude in pitch and roll by accelerometers and gyroscopes. A simple calculation of acceleration may be suitable for the RUAV in hovering and other mode with low maneuverability in low acceleration, but in high maneuverability mode with high acceleration, the measurement will deviate a great deal because the measurement of accelerometers include not only gravity acceleration but also absolute acceleration. So a feedback from velocity is added to decrease the influence of absolute acceleration, as shown in Fig. 3 .
The yaw of RUAV will be calculated by the magnetic field measured by the magnetometer. Due to the deviation of magnetic field of the earth in different places, a revision of magnetic field would be necessary to get the real yaw.
With the consideration of low-cost and light-weight, we redesigned the architecture of the navigation system, as shown in Fig.4 .
B. Sensors and processor in use
After the architecture design of the navigation system, the next step was to choose proper sensors and implement the system.
Based on the principle given before, the sensors we choose are as follow:
1) U-Blox LEA-5H: This GPS receiver with features include A-GPS support, low power consumption, SuperSense® Indoor GPS provide a extraordinary acquisition and tracking sensitivity, as well as precision timing. The compact 17.0 x 22.4 mm form enables easy integration in avionics systems. A position update rate of 4 Hz makes it very suitable for high speed flight of RUAV.
2) MPXA6115A: An absolute pressure sensor range from 15 to 115 kPa is a high temperature accuracy integrated silicon pressure sensor for measuring absolute pressure. It is on-chip signal conditioned, temperature compensated and calibrated. The sensor has a compact 7.5 x 10mm form with an update time of 1 ms.
3) ADIS16355: ADIS16355 is a complete triple axis gyroscope and triple axis accelerometer inertial sensing system. This compact module is approximately 23 mm x 23 mm x 23 mm. With programmable in-system bias calibration and condition monitoring, the measurement would be more accurate with respect to separated sensors.
4) SmartSens Magneto-inductive (MI) Sensors:
SmartSens ASICs drive PNI's MI sensors and provide digital output relative to the strength of the magnetic field. The simplicity of the SmartSens circuit combined with the lack of signal 
C. System Realization
The system described previously is realized and is shown in Fig. 6 . This system consist of two parts: The GPS receiver and magnetometer are in a separate part and the others are in the central part. Such a separation is with the consideration that the GPS and magnetometers are susceptible to the install position because they may be influenced if it is covered by the airborne or near some magnetic material. The separate part can be equipped in a proper place on the airframe; the central part of the system includes the accelerometer, barometer and LPC3250, this should be equipped near the central of RUAV.
III. SOFTWARE DESIGN
To decrease the developing work in programming, at the same time to increase the system stability, an ucos/II embedded system is installed to organize the software development. This small sized embedded system is quite convenient to install; the hard-real-time architecture also makes it suitable for a time critical avionics system in RUAV.
Generally, we can divide the work of software into 4 parts: 1) OS Kernel: Maintain the whole system and arrange the task schedule.
2) Algorithms: Implementation of the navigation theory which will focus on the estimation of flight state based on the sensor data.
3) Sensor process: Handle the task for sensor data acquire. 4) User interface: Carry the job to display and receive necessary information to the user. With the consideration of system stability, we arrange these tasks priority as shown in Fig. 7 . To make sure that the algorithms can be calculated in time, a hardware timer is used instead of the software timer provided by OS. With a proper design of the software architecture, the system's stability is maintained and the flexibility is also provided for other navigation theory implementations.
IV. EXTENDED KALMAN FILTER MODEL
The direct use of the measured information for flight control use from the navigation system tends to be unsuitable because of the measurement noise in the process. At the same time, some redundancies in navigation can be used to get more accurate navigation information, such as the integration of accelerations can get other velocity reference information. Some data-fusion theories would be suitable to handle this problem.
An EKF with full state of navigation variables would be proper, whereas the calculation load would be too large. A separated KF is implemented here. Here, an EKF is implemented to estimate the attitude and another EKF is used to estimate the velocity and accelerate bias. The flow of whole EKF is shown in Fig. 8 . First, the attitude is estimated, and then the velocity is estimated based on the result of the attitude estimation. Such a design is based on the fact that the variation of attitude is faster than velocity, so we can make an assumption that the attitude would be still when the velocity is changing.
The system model for attitude kalman estimation is given in (1):
> @ X M T \ is the attitude vector in the sequence 
(1) The system model for velocity kalman estimation is given in (2), where
is the vector of velocity and acceleration bias in three axis, u Y is the velocity measure, a is the acceleration measure, u w and u v represents the noise respectively in system and measurement which are supposed to be Gaussian with zero means, b R is the transformation from airborne coordinate to navigation coordinate and is given in (3).
Based on the system model of attitude and velocity, a two-stage extended kalman filter is implemented and experimented.
V. EXPERIMENTAL RESULTS
This section presents several experimental results of our navigation system in various modes, such as hovering mode, low maneuverability mode, and high maneuverability mode.
The algorithms run in a period of 20ms, which is sufficient for the control requirement.
After equipped on the RUAV, we place the RUAV still and store sensor measure within a period of 200s, as shown in Fig.  9 . Based on these data, the characteristics of sensors can be derived and the EKF parameters can be decided as shown in With the parameters defined above, we have 3 flight tests totalling about 30 minutes. In the tests, the pilot controls the RUAV in various velocities. A NAV420 navigation system is equipped on the airframe to compare the accuracy of the two navigation systems.
An estimation of acc bias is shown in Fig. 10 . In Fig. 11 and Fig. 12 , a comparison of attitude, velocity estimation between our navigation system and NAV420 is made.
At the same time, a comparison of attitude estimation with and without absolute acceleration feedback from velocity is made in Fig. 13 , which shows that the feedback is essential in calculating attitude measure.
From the whole flight tests, we can find that the accuracy of our navigation system is closely to NAV420 in low maneuverability. In high maneuverability mode, the accuracy is decreased due to the acceleration based attitude measure. Further research should focus on improving the accuracy in high maneuverability. Flight tests based on this navigation system and the fight control system previously developed demonstrate the practicality of navigation system.
VI. CONCLUSIONS
In this paper, a low-cost, light-weight, compact navigation system is designed and implemented. A two-stage EKF method is applied to estimate flight states and simplify the calculation process. Flight tests show the validity of the system and algorithm, as well as the accuracy of the estimated flight states, all of which can be directly fed back to online controller for the RUAV system in the flight envelope. Further tests are needed to verify the adaptability in various conditions.
With this navigation system, more proper navigation methods, such as sigma-point filter kalman filter and unscented kalman filter, can be tested later to improve the accuracy, and many advanced control theories can be tested for the RUAV, such as robust control,. These will be our interest for RUAV research in the future.
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